Abstract. The actual movement and the coupled relationship of human fingers are very important for the analysis of human hand grasp, but there are very few effective ways to detect it. The paper introduces a method with wearable measuring sensors to realize the real time measurement and description of human fingers' movement during hand grasping. A data glove for real-time measuring the movement of each joint of all the fingers was designed. The finger movements of three typical human hand grasps were measured, and the coupled relationship and the complete motion trajectory of all five fingers were got and described.
Introduction
When grasping, human hand usually has two restriction modes: inter-finger-restriction and intrafinger-restriction, due to the complex distribution of biomechanical drive mode and structural constraints between bones and joints inside the hand. The inter-finger-restriction refers to the constraint among finger joints, which makes human hand have a specific range of motion, and the intra-finger-restriction refers to the combined constraint co-produced by tendons and muscles, which reflects the coupled motion produced by the ligaments and tendons' drive among middle finger, ring finger and little finger [1] [2] . It's very difficult to accurately observe and describe the true motion of human hand during grasping. Therefore, to accurately measure and describe the movement of each finger and the coupled relationship among fingers during grasping is of great significance for the study of human hand grasp.
Human hand has a very complex structure which is composed of 27 bones, 17 joints and more than 20 DOFs (degree of freedom), and it can complete a variety of complex and sophisticated grasps. Human hand model has great significance for the research of human hand grasp. The complete motion description of human hand needs real-time processing of various data and results in a very large amount of calculation, so it is usual to simplify the human hand model in order to improve the processing speed. To simplify the human hand model, the elements that have little impact on the hand motion are usually ignored. Currently, there are a number of different ways to model the human hand. Bray [3] and Du, Yuan et al. [4] For any human hand model, if the joint movements of the human hand could be obtained, then the motion of the whole hand can be described. There are some researches on the description and measurement of human hand. Nishikawa et al [9] proposed a method based on curvature transition to solver the posture of human hand. Kasprzak et al. [10] developed a computer vision system to detect the static posture change order of human hand by identifying the sequence of color images. N. Miyata et al.[11] used magnetic resonance (MR) instrument to track the hand joint posture. In the previous research of human hand movement, it's very difficult to accurately detect and describe the real joint angles change and the relationship of human hand joints during different hand graspings.
In order to analyze human hand grasp, we developed a hand movement measuring system, proposed a matrix to describe hand posture, and did experiments on three typical human hand grasps with the measuring system and description method. This paper is organized as follows. Section 2 established a simplified model of the human hand and presented a kinematic description method of hand movement. Section 3 introduced the joint angel measuring system. Section 4 introduced the experiments on three typical human hand grasps and presented the real motion trajectories and coupled relationships of five fingers. Section 5 gives the conclusion. By analyzing the anatomical structure of human hand and referring to the medical experience, a simplified structure model ofhuman hand with 21 DOFs was established by following these rules: 1) The thumb is independent of other fingers, 2) The adduction and abduction of each finger are independent, 3) Motion frequency does not affect the relationship of joints, 4) The hand is independent to the wrist and the arm. As shown in Figure 1 -a, the thumb has 5 DOFs, of which each of the carpometacarpal joint (TMC) and the metacarpophalangeal joint (MCP) has 2 DOFs (flexion/extension, adduction/abduction), and the interphalangeal joint (IP) has 1 DOF (flexion/extension); each of the other four fingers has 4 DOFs, of which each of the interphalangeal joint (PIP) and the distal interphalangeal joint(DIP) has 1 DOF (flexion/extension), and the metacarpophalangeal joint (MCP) has 2 DOFs (flexion / extension and adduction / abduction).
Kinematic model of human hand
Referring to the simplified structure model of human hand (Figure 1-a) , the kinematic model of human hand was established and shown in Figure 1 -b. Suppose the reference frame origin is at the wrist position, and l T0 , l T1 , l T2 and l T3 sequentially represent the distance between the carpometacarpal joint and wrist, the metacarpal length, the proximal phalanx length, the distal phalanx length. The other four fingers use the similar description method,
sequentially represent the distance between the wrist joint and MCP, the proximal phalanx length, the middle phalanx length, the distal phalanx length. Referring to the hand measuring method of [12] [13] [14] and GB-T16252-1996, we measured the dimension variables of 3 people's hands (right) 10 times, and after the statistical treatment of the measurement data the values of those variables are shown in Table 1 . Table 1 The measured values of the subject hand(mm) Referring to Figure 1 -b, the Denavit-Hartenberg (D-H) method was used to establish the kinematic models of the thumb and other four fingers respectively. The D-H transformation matrix is: (2), then the motion of the finger can be described. 
Human hand movement measuring system
As shown in Figure 2 , a human hand movement measuring system composed of a computer and a data glove was developed. The data glove uses fifteen 9-axis magnetic sensor (MEMS) units to measure joint angles of a hand by sticking one sensor unit on the middle of each phalanx of a finger, and each sensor unit consists of an acceleration sensor, a gyro sensor and a magnetic sensor. The computer is responsible for the receiving, processing and displaying of the measured data transmitted from the data glove, and it communicates with the data glove through RS232.
Finger 2 Human hand movement measuring system
Using this data glove, we can obtain each joint's original movement data when a hand is grasping. Then the filtered data with Dynamic Kalman filter was fused with the acceleration data, angular velocity data and geomagnetic data toreduce the constant drift error and the interference of noise. Finally, the obtained joint movement data was substituted into the finger kinematic model so as to get the motion trajectory of each finger. Figure 3 shows the data processing flow ofthe human hand movement measuring system. 
Examples of measurement, description and coupled relationship of hand movement
Human hand can do numerous types of grasps. We select the Schlesinger taxonomy as the grasping library to do the measuring experiment which were cylindrical grasp, tip, hook and snap, palmar, spherical grasp, lateral [15] .
Human fingers have coupled movements because of the presence of inter-finger-restriction and intra-finger-restriction, which have two main forms as: 1) the coupled movements of distal interphalangeal joint with interphalangeal joint caused by inter-finger-restriction, 2) Multiplefingers' coupled movements caused by intra-finger-restriction (such as the coupled movements of ring finger when the middle finger is in flexion). Such coupled movement relationships of fingers were got from the experimental data as follows.
(1) Coupled movements of inter-finger
The DIP and PIP has coupled flexion when the human hand completes the cylindrical grasp, and the relationship is shown in Figure 4 
The MCPs of the ring finger and the little finger has coupled adduction/abduction when the human hand completes the spherical graspand relationship is shown in Figure 4 -d and equation (7), where Those above coupled movement relationships got from experiments will be helpful not only for analyzing the human hand grasp as well as the design of bionic hand but also for designing human hand rehabilitation devices.
CONCLUSION
In order to survey the actual movements of human fingers, a measuring system and motion description method were presented. Firstly, based on the anatomical structure of the human hand a structure model with 21 DOFs and the kinematic model of each finger with D-H method were established, then a human hand movement measuring system was designed, and last 6 typical human hand grasps were used as grasping library to be measured, and the motion trajectory of each finger and the coupled movement relationships of fingers in different types of grasps were got. The conclusion of coupled movement relationships of fingers has guiding significance for research work such as bionic hand design, human hand rehabilitation and so on. The hand measuring and description method presented in the paper can also be used for the measuring and analysis of other types of human hand grasps.
